This feature article covers the fundamental chemistry and applications of photo-induced living surface grafting polymerization. The mechanism of activation of inert alkyl CeH bonds of polymer substrates, the structures of the active free radical and reversible dormant species, the modes of the grafting chain growth (including linear, branched and cross-linked variants), and the role of spatial effect are discussed. Two technologies, i.e., 1-step and 2-step processes, their features and applications in fabricating polymer brushes with precisely controlled patterns, desired functions, branched and block grafting chains on planar substrates, and polymer lamination are presented. The fabrication of 3-dimensional covalently bonded polymer particles, such as nano-sized polymer particle monolayers (with uniform and bimodal distributions), discrete solid and hollow polymer particles of micrometer size, and multilayer polymer particles on polymeric substrates are also introduced. In the last part, the application of photo-induced living surface grafting polymerization in non-planar surface modifications, such as the preparation of coreeshell polymer particles, Janus particles and cross-linked hydrogels with hairy polymer chains is summarized.
1. Introduction
Living polymerization; history and concept
Since the discovery of living anionic polymerization by Michael Szwarc more than 50 years ago [1] , the technology has been successfully exploited for preparing polymers with designed architectures, narrow molecular weight distribution and functionalities. For example, styrene-b-butadiene-b-styrene has served as a thermally reversible elastomer in which the polystyrene blocks were distinct small discontinuous microphases acting as crosslinking sites for the continuous polybutadiene phase [2] . Szwarc et al. [3] introduced the concept of "dormant polymers" to account for the fact that the living ends can be shielded from termination with a protecting molecule. Since then, living polymerization, also presently known as controlled/living polymerization, has been expanded to ring-opening [4] , cationic [5] and free-radical systems [6, 7] . Although the mechanism of the above-mentioned polymerizations is different, the mediation of initiation and propagation rates depends on a dynamic equilibrium between the growing chain and dormant species. These technologies have opened a new avenue to prepare well-defined polymers with precisely designed molecular architectures and nano-structured morphologies, and are considered to be the foundation of polymer nano-technology [8e13] .
Indeed, approx. more than 70% of vinyl polymers are produced by conventional radical polymerization due to the technique's versatility that is available to a wide variety of monomers, its tolerance of unprotected functionality in monomers and solvents, its compatibility with process conditions and its cost efficiency [14] . The conventional free radical polymerization consists of four elementary reactions: (1) slow initiation (k d < 10 À5 s À1 ), (2) fast propagation (k p z 10 3 mol À1 L s À1 ), (3) very fast termination between growing radicals (k t z 10 7 mol À1 L s À1 ), and (4) chain transfer reactions (usually less important unless transfer agents are added) [15] . The average life of a propagating chain is typically on the order of a second, during which the initiation, propagation, and termination take place, yielding a dead chain with a degree of polymerization of approx. 1000e10000 [12, 16] .
As early as in 1936, Bachmann and Wiselogle [17] stated correctly that the selective unsymmetrical coupling reaction involving stable or persistent free radicals and transient radicals. Perkins [18] explained the unusual product distributions of phenylations of aromatic compounds when phenylazotriphenylmethane was used as a thermal phenyl radical generator. The pioneering work regarding living free radical polymerization came from Otsu and Yoshida [19, 20] with name as iniferter (initiatoretransfer agenteterminator), which photolytically dissociated into a reactive carbon-centered radical and a relatively stable dithiocarbamyl radical in 1982. Then they proposed the possibility of a stepwise growth that would lead to molecular weight control. Iniferter can be classified into several types: thermal or photoiniferters; monomeric, polymeric, or gel iniferters; monofunctional, difunctional, trifunctional, or polyfunctional iniferters; monomer or macromonomer iniferters; and so forth. These not only lead to the synthesis of various monofunctional, telechelic, block, graft, star, and cross-linked polymers [21] , but also, especially for photoiniferter system, found number of applications in preparing various polymer brushes [22e33] .
In 1985, Rizzardo et al. [34] filed a patent concerning the use of alkoxyamines as initiators, presently denoted the TEMPO system, for living radical polymerization of styrene. The first breakthrough was reported by Georges et al. [35] who found that polymerizations controlled by nitroxide could also be initiated by a conventional initiator in the presence of the persistent radical. Subsequently, three independent groups, Sawamoto et al. [36] , Wang and Matyjasewski [37] , and Percec and Barboiu. [38] reported the first successfully performed living/controlled free radical polymerizations almost at the same time in 1995. Some three years later, another robust living/controlled free radical polymerization, known as reversible additionefragmentation chain transfer (RAFT) polymerization, was invented by the CSICO group [39, 40] .
The living/controlled free radical polymerization systems are based on the transiently fast and reversible activation of the dormant species as shown in Scheme 1. It is common that all these living/controlled radical polymerizations are based on a dynamic equilibrium between propagating carbon-center radicals and various types of CeX (X ¼ S, O, N, Br, Cl, I, etc.) bond dormant species. It is not surprising that the chemoselectivity, regioselectivity and stereoselectivity in living/controlled radical polymerization are similar to the conventional radical polymerization due to its nature [12,41e50] .
Among available living radical polymerization techniques, the most robust and versatile ones are ATRP/Metal-Catalyzed and RAFT strategies. However, further efforts are obviously needed to address the cost-inefficiency of these methods, which hinders their industrial application in the production of commodity polymers. Nitroxide-mediated or stable free radical polymerization (NMP or SFRP) systems require high temperatures and demonstrate very slow polymerization rates, which results in low molecular weight products. For ATRP/Metal-Catalyzed reactions, the removal and recycling of the metal catalysts are still a true challenge. When it comes to RAFT, the color of the produced polymers and the unpleasant odor of the chain transfer agents are drawbacks. In addition, there exist other challenges when applied to highly reactive monomers, water-soluble monomers and heterogeneous systems.
Photo-induced living/controlled radical surface grafting polymerization
The photoreduction of aromatic ketones leads to the formation of a radical derived from the hydrogen donor and a radical produced from the carbonyl compound (ketyl type radical) in the presence of hydrogen donors. The radicals derived from the hydrogen donors are capable of initiating free radical polymerization of vinyl monomers. Due to their steric hindrance and the delocalization of an unpaired electron, ketyl radicals are preferable for terminating the growing species by coupling reactions other than the addition to vinyl monomers. Based on this chemistry and the liable bond of the end groups produced by the termination, Yang and Rånby elegantly designed a photo-induced living/ controlled radical grafting polymerization on the surface of polymer materials [51] . With benzophenone as a photoinitiator, the smibenzopinacol free radical (R $ ) played the role of the persistent radical to mediate the polymer chain growth (Scheme 2).
Similarly to the other living free radical polymerization systems, the weight of the grafting PMMA chains increased almost linearly with the irradiation times as shown in Fig. 1 .
Very recently, Kyomoto and Ishihara [52] found that the benzophenone moiety in poly(ether ether ketone) (PEEK) polymer chain could acted as a photoinitiator during graft polymerization under UV irradiation and named it as "Self-Initiated Surface Graft Polymerization". This technology was successfully used to graft an antibiofouling and highly hydrophilic high-density nanometerscaled layer of poly(2-methacryloyloxyethyl phosphorylcholine) onto the PEEK, which showed considerably lower bovine serum albumin absorption (0.05 mg/cm 2 ) compared to that of untreated PEEK (0.55 mg/cm 2 ) [53] .
Contrary to the homogeneous system, the mobility of the graft chains is confined by the substrate. In this case, the coupling reaction mainly takes place between the growing chain free radical and the stable ketyl type radical and produces CeC centered dormant species that can be reactivated by either a photo or a thermal stimulus to build a dynamic equilibrium. Comparatively, the chemistry of this photo-induced living grafting polymerization has the following unique features: (1) the CeH bonds of the polymer chains can be directly transferred into liable CeC bond dormant species in the presence of commercial photoinitiators only; (2) chain growing via the reversible deactivation/activation of the liable CeC bonds; and (3) the possibility of activating dormant species by either photolysis or thermolysis.
Besides applications in surface grafting polymerization, efforts have also been devoted to exploiting the photo-induced living free radical polymerization to prepare block polymers in homogeneous system [54] . The chain propagation free radicals generated by addition of this kind stable radical to the monomer cannot be totally eliminated due to the high activation energy of the CeC bond breakage. Therefore, photo-induced living/controlled radical polymerization is slightly weak in terms of the control of the polymerization. However, it has unique applications in confined systems, such as the surfaces of solid substrates, especially since there is no need to introduce initiator to the surface via a multi-step reaction. Most importantly, without the limitations of the other living/controlled free radical polymerizations, it is more likely to be suitable for industrial applications in surface functionalization and lamination.
So far, there have been many state-of-the-art reviews on the above-mentioned living/controlled free radical polymerization, for example, iniferter [21] , ATRP [12,42e44] , transition metalcatalyzed living radical polymerization [45, 46] and RAFT [48e50] . This feature article primarily focuses on the chemistry of photoinduced living radical graft polymerization in confined spaces and its applications in the fabrication of complex architectures.
2. The chemistry of photo-induced living/controlled free radical surface grafting polymerization
Since the realization of the photo-induced living/controlled surface grafting polymerization in 1996, the research in our lab has been continuously devoted to its fundamental chemistry and applications. Studies include (1) extending the dormant activation from UV light to heating and visible light [55] , (2) offering various functional groups with precisely designed patterns to the planar polymer substrates via photo-induced grafting polymerization; (3) preparing functional polymer particles, and (4) introducing functional grafting chains to the surface of polymer particles. These achievements have not only contributed to the development of the living/controlled free radical polymerization but have also made it a powerful tool tailoring the surface properties of polymer materials. Fundamentally, the photo-induced living/controlled free radical surface graft polymerization consists in four fundamental steps: (1) the formation of the initiating free radicals, (2) chain propagation, (3) chain transfer and (4) termination. The discussion in this section is focused on these aspects, especially the in situ transfer of the inert CeH bond into dormant species of growing chains under photo-irradiation.
2.1. The in situ formation of growing chains and dormant species via the CeH bond transformation under UV irradiation Generally, free radical photoinitiators are classified into two categories: of unimolecular fragmentation type and of hydrogen abstraction or photoreduction type. The former dissociates into two radicals under UV irradiation and is mainly used in UV-curing applications. The latter forms macromolecular free radicals and is widely utilized in polymeric material modification and functionalization. However, conventional photografting has often resulted in the generation of significant amounts of homopolymer and cross-linked structures.
The photo-induced living/controlled surface-grafting polymerization consists of two steps: (1) the aromatic pinacol moiety, which may function as a precursor of the stable or persistent free radical, is covalently bonded to the end of the grafting chain by the coupling reaction of the semibenzopinacol free radical with the propagating radical, and (2) the bonded dormant group is then activated by photo-irradiation or heating to trigger the grafting polymerization (displayed in Scheme 3).
It has also been demonstrated that benzophenone, xanthone, acetophenone and 9-fluorenone are efficient photografting initiators for obtaining thick grafted layers, while anthraquinone, 4,4-dichlorobenzophenone, 4-benzylbenzophenone, benzoylformic acid and biacetyl are suitable photoinitiators when one desires thin grafted layers [56] . A high triplet state energy, a strong UV absorption, a stable molecular structure and a low initiating reactivity of the resulting ketyl free radicals are critical factors when selecting photoinitiators. In addition, the benzophenone moiety in polymer chain could also trigger a "Self-Initiated Surface Graft Polymerization" under UV irradiation [52, 53] .
The above-mentioned photo-induced living surface grafting polymerization is usually called the 1-step process. Based on the above findings, Bowman et al. [57] further developed a sequential photo-induced living graft polymerization, denoted the 2-step process. In the first step, benzophenone abstracts hydrogen from the substrate to generate surface radicals and semipinacol radicals, which couple to form surface photoinitiators in the absence of monomer. In the subsequent step, the monomer solutions are added to the active substrate, and the surface initiators trigger the graft polymerization under UV irradiation. Fréchet et al. [58] ever evaluated the effect of the 1-step and 2-step grafting process in detail on the performance of the surface-modified macroporous polymer monoliths.
One of the advantages of the 2-step process is its high grafting efficiency, about 4-fold greater than that of the 1-step method for grafting poly(acrylic acid) to polypropylene membranes [57] . In addition, the grafting density and graft polymer chain length can be determined and controlled independently. In summary, the comprehensive fundamental reactions (including the 1-step and 2-step processes) of photo-induced living/controlled grafting polymerization are illustrated in Scheme 4. 
Activation of the dormant species by photolysis and/or thermolysis and the livingness of the reactive species
The liable CeC bonds of the dormant species can be activated by both photo-irradiation and heating. The chain ends homolyze into two free radicals, where one is the active chain-growing radical and the other is the persistent semipinacol free radical. The following is the proposed mechanism of the chain growth [51] .
In the presence of a vinyl monomer, the chain radicals can add to the monomer and start or continue chain propagation. With methacrylic acid as a monomer, the weights of the grafted polymer increase almost linearly as the graft polymerization proceeds. The graft polymerization rate of acrylic acid increases linearly with an increasing surface initiator concentration. The rates of the formation of the surface initiator follow a decreasing solvent-dependent order: benzene > chloroform > hexane > methanol > cyclohexane > dimethyl sulfoxide. These observations have been mainly attributed to the relative ability to abstract hydrogen from the solvent and the wettability of the solvent to the substrate. The characteristics of living polymerization of this system in solution grafting polymerization have also been confirmed by Ma et al. [59] . In designed runs, both BP and polystyrene are dissolved in benzene at first; then a thin liquid film of the solution was exposed to UV light, obtaining polystyrene carried semibenzopinavol groups (PSg-BP). In the second step, poly(ethylene glycol) methacrylate (PEG200MA) and PS-g-BP were dissolved in toluene, and after irradiating, it was found that the molecular weights of modified PS increase with polymerization time and furthermore, the GPC traces clearly showed that the molecular distributions are still symmetrical normal peaks.
There are two factors, i.e., the confined spatial effect and the persistent free radical effect, that account for the photo-induced living grafting polymerization on the surface. The confined spatial effect is due to the fact that one end of the growing chain free radical is tethered to the substrate, thus causing the collisions between the two chain growing free radicals to be greatly minimized. The coupling termination predominately occurs between the persistent free radicals and the chain growing radicals.
However, the confined spatial effect alone is not enough to make a well-controlled living free radical polymerization as demonstrated by the efforts to reduce the termination reactions in emulsion polymerization, where compartmentalization of the radical species prevents the encounter with another growing radical chain in the other particles [60] . During the polymerization process, the semibenzopinacol free radicals act as persistent radicals to maintain the reversible dynamic equilibrium between the growing chains and the dormant species, similar to other living polymerization systems [61] . However, there might be a positive synergistic influence between the spatial effect and the persistent free radical effect which is evidenced by the much more effective control in the surface grafting process as opposed to in solution or for bulk polymerization with this photo-induced system.
The system could also be activated by heating and visible light irradiation. Fig. 2 presents the results when activated by heating. The weight of the grafting PMMA chains increased almost linearly with the reaction times.
With isopropyl thioxanthone (ITX) as the photoinitiator, the living grafting polymerization of GMA activated by visible light was also achieved [55] . Fig. 3(a) presents the change of the GMA grafting degree (Grafting degree ¼ (W 2 À W 1 )/W 1 Â 100%, where W 1 is the weight of the film after grafting of the ''dormant'' groups; W 2 is the weight of the film after the grafting polymerization of GMA) with irradiation time, and Fig. 3(b) gives the variation of the average graft polymer chain length with grafting conversion of GMA at various concentrations. It is demonstrated that the degree of grafting for PGMA increased gradually with the irradiation. When the irradiation time was greater than 40 min, the curves leveled off. The authors pointed out that this levelingoff could be attributed to the polymerization taking place within a confined space in which the monomer concentration decreased gradually as the polymerization progressed. It is also demonstrated that the average graft polymer chain length increased linearly with the monomer conversion of GMA at a given grafting density of initiator (dormant) groups and a given monomer concentration. This linear relationship indicates a living/ controlled polymerization feature.
The branching growth mode of the graft chain
As early as in 1996, Yang and Rånby [62] reported on the lamination of polymeric materials by UV irradiation in the presence of a vinyl monomer and a photoinitiator. They observed that branched polymer chains and cross-linked structures were formed, which were results of the fact that the triplet BP could abstract hydrogen atoms from CeH bonds of the newly formed grafting chains during the grafting polymerization.
As we known, polymerization of vinyl monomers, in fact, results in the transformation of the CeH bond character from an sp 2 hybrid (unsaturated CeH in monomer) to an sp 3 hybrid (saturated CeH in polymer chain). This transformation causes the CeH bond energy to decrease by about 10 kcal/mol, and finally becomes a potential hydrogen donor to be abstracted by the excited BP as shown in Scheme 5. Scheme 5 also illustrates the branching mode of the polymer chain growth. In the 1-step process, the photoreduction and surface grafting mainly take place at the surface of the substrate. As the grafting polymerization proceeds, the newly formed grafting chains become new hydrogen donors. The triplet BP begins to abstract the hydrogen atom from the newly formed graft chain to generate branching sites.
Branched polymer chains can also be formed by photo-induced homopolymerization. Whenever branched and cross-linked polymers are desired, for example, the lamination 1-step process is a robust tool. Contrary to the 1-step process, the 2-step process involves no free BP to be excited in the grafting process. In this regard, the 2-step process is effective to substantially eliminate the formation of undesired homopolymers and cross-linked or branched grafting chains. In this case, the photo-induced grafting polymerization results in clean and linear grafting chains. The photo-induced grafting polymerization thus represents a unique and simple option to prepare linear and branched grafting polymer chains.
The features of the photo-induced living/controlled grafting polymerization
Living/controlled free radical polymerization techniques, including ATRP and RAFT, have been widely used in surface grafting polymerizations on various substrates such as organic polymer films, polymer particles, inorganic particles and films [50, 63] . In practice, it is a prerequisite to have or introduce functional groups onto the surface of substrates by, at first, a multi-step reaction. The process is usually very time-consuming since both the substrates and the initiators or RAFT agents are required appropriate reactive groups.
Unlike the grafting polymerizations via the ATRP and RAFT technologies, the photo-induced process can directly transfer the inert CeH bonds to the liable CeC bonds or grafting chains with reversible dormant groups. With this technique, the graft density and graft polymer chain length can be controlled independently since the initiator formation and graft polymerization can occur separately in successive steps. Furthermore, it avoids the use of additional species on the surface or in the monomer solution and ensures that the grafting polymerization takes place at the surface only when the 2-step process is applied. As the polymerization proceeds, the grafting chains can act as hydrogen donors and generate new active sites to form branched chains. Similar to nature's process, under the activation of UV irradiation and/or heating, the chains progressively grow to prepare the grafting layers with various chain architectures as illustrated in Scheme 6. The polymer chains grow not only from the surface of the substrates but also from the newly grafted chains.
There are even more advantages of photo-induced polymerization. When activated by photo-irradiation, the grafting polymerization can be performed at ambient temperature, which is very helpful for the retention of profiles and the morphology of substrates. Most importantly, the bioactivity of the materials can remain unchanged if the grafting polymerization is activated by visible light. This technology is applicable to materials with CeH bonds or other hydrogen donors in their structures, especially inert polymers such as polyolefins and silicone.
Applications in fabricating well-defined structures and morphologies
Experimental work has demonstrated that photo-induced living/controlled free radical polymerization is a robust tool for precisely constructing a well-defined architecture on organic substrates containing hydrogen-donor moieties. This section focuses on grafting polymer chains or brushes and particles onto a flat polymeric surface or the surfaces of polymer particles.
Grafting chains and brushes via photo-induced grafting polymerization from a flat polymer surface
Most polymeric materials, especially the large-volume products such as polyolefin, PET, etc, have a hydrophobic and chemically inert surface. Significant research efforts have been devoted to their surface modification and many technologies have been developed and are applied in various industrial applications. Among these methods, surface graft polymerization offers the possibility of grafting the polymers with a variety of functional groups. The technique has the following advantages: it does not affect the bulk properties The intention here is not to give a comprehensive literature survey of these applications. Instead, the focus is placed on the unique features, which are difficult to achieve by other grafting processes, of photo-induced living grafting polymerization in controlling the grafting structures, morphology and in fabricating complicated patterns and architectures, e.g., polymer brushes with precisely controlled patterns, polymer brushes with desired functions, branched grafting chains and lamination.
Polymer brushes with designed patterns
With micro-fabrication and manufacturing becoming an attractive field to both the academic and industrial community, one of the challenges to the surface modification of polymeric materials is to precisely implant different surface chemical functionalities in the specific sections with complex and integrated patterns. It has been found that photo-induced grafting reactions render it possible to precisely control the modified locations, sizes and patterns with a photomask. In addition, the grafting density and chain length can be simply mediated by the irradiation time. Fig. 4 represents an example of the fabrication of grafting patterns onto an LDPE substrate [55] . The dormant ITXSP group was immobilized onto the LDPE substrate by first using a stripe pattern photomask, and then carrying out reactivation with visible light to initiate the grafting polymerization of glycidyl methacrylate (GMA). When extending the irradiation time, the stripe pattern gradually became clear and dense. These stripes represented the negative image of the photomask reproduced on the substrate. There was no observable overlap of the grafting stripes on the non-irradiated areas, which remains a great challenge for other grafting technologies.
The thickness of the grafting layer increased almost linearly to a maximum of about 980 nm with the irradiation time from 0 to 60 min. It should be noted that this method shows great potential for biology applications. For instance, the thermal and UV sensitive species can be encapsulated by visible light-induced grafting. It is implied that the dimension sizes, profile of the patterns and locations of the graft chains could be precisely controlled with a photomask in a very simple operation. The livingness of the grafted PGMA layer was demonstrated by the addition of the second monomer styrene to prepare the PGMA-b-PS polymer brushes. The FTIR-ATR (Fig. 5 ) and the readings of contact angles of the grafted films verified the formation of the PGMA-b-PS brushes.
Most recently, Yang et al. [128] reported that a pattern of binary polymer brushes, PAA and PGMA, were prepared via consecutive UV-initiated grafting procedures, under the assistance of an in situ formed poly (4,4 0 -bi[N-(4-vinylbenzyl) pyridinium]) (P(BVV)) photomask. The epoxy groups of the PGMA microdomains could be aminated so as to covalently couple biotin, while the PAA microdomains were used for immobilizing immunoglobulin (IgG). The resulting biotin-and IgG-coupled microdomains interacted specifically with their corresponding target proteins, avidin and anti-IgG, respectively, as shown in Fig. 6 .
Grafting chains with desired functions
As early as in 1994, Nonaka et al. [129] reported thermo-sensitive membranes which were prepared by heterogeneous graft copolymerization of poly(N-isopropylacrylamide) (NIPAAm) onto cellophane in a nitric acid solution with cerium ammonium nitrate as an initiator. Yang and Yang [100, 130] exploited the application of surface photografting polymerization in the preparing a polyethylene terephthalate track membrane with a thermo-sensitive switching feature by photografting of PNIPAAm. As demonstrated in Fig. 7 , the thermo-sensitive property depended significantly on the grafting degree (Dg). When the Dg was less than 1%, it showed no thermo-sensitivity. When the Dg exceeded 1%, the thermosensitive valve effect was observed, and at a higher Dg (2.48%), the water flux at low temperature (12e30 C) declined to zero. The temperature window of flux transfer in the range of 30e35 C was close to the low critical solution temperature of PNIPAAm (33 C). The higher the Dg, the larger was the ratio of flux at 35 C as opposed to that at 30 C. A pore-covering mode, as illustrated in Fig. 8 , is proposed to explain this phenomenon. At low Dg, in the wet state, the water flux decreased slightly and no switching effect appeared since the density of grafted polymer brushes was too low to cover the pores. With the increase of Dg, the swelled graft layer became thick enough to block, at least partially, the pores at low temperature. When the Dg was greater than a given critical value, the pores could be completely blocked and the flux declined close to zero. Above the critical temperature, the polymer brushes shrunk and left a less blocked pore, and the water flux increased.
Similarly, Yang and Yang [101] also reported a pH-switching PET track membrane with a pore-covering structure prepared by photografting of 4-vinylpyridine. The relationship between flux and Dg in acidic (pH 2.0) and neutral (pH 6.8) solutions is presented in Fig. 9 . In a neutral environment, the fluxes were close to that of a blank membrane and even the Dg increased to 2.54%; 90% of the blank membrane flux was still retained. Under acidic conditions, a very low Dg of 0.3% was enough to make the fluxes decrease drastically. With the increase of Dg, the fluxes in acidic solution were close to zero, and the ratio of fluxes in neutral as opposed to in acidic conditions rose from 20 to 150 when the Dg increased from 0.3% to 2.54%. In this respect, a full open/close pH-valve membrane based on pore covering was achieved by the photografting technology.
Moro et al. [115, 116] developed a new-concept artificial hip joint system by grafting poly(2-methacryloyloxyethyl phosphorylcholine) (MPC) onto the surface of cross-linked polyethylene (CLPE). The results showed that the graft layer is helpful to reduce wear and suppress bone resorption [115e122,131e134]. The physical and mechanical properties of CLPE and CLPE-g-MPC had no significant difference. However, an 88% reduction of the friction coefficient was observed, from 0.0075 of the untreated CLPE cups reduced to 0.0009 of CLPE-g-MPC cup. After 3.0 Â 10 6 cycles in the hip joint simulator test, there was not observable wear for CLPE-g-MPC cups [117] . It was concluded that the grafted MPC polymer gave a high lubricity only on the surface and has no effect on the bulk properties of the CLPE substrate.
Branched grafting chain and lamination
Based on knowledge of the photografting polymerization, Rånby and Yang [107e110] invented a novel technology, which they named "lamination by bulk photografting", as illustrated in Scheme 7. A thin layer of the monomers (usually acrylic acid or acrylates) containing photoinitiator was sandwiched between two polymeric films after which the assembly was subjected to UV irradiation. The polymerization developed in a successive pattern denoted as S and G and which consisted of respectively a hyperbranched graft macromolecule and a cross-linked macromolecular network obtained by adding multifunctional monomers.
Fréchet et al. [111] also believed that branching and even crosslinking reactions take place when proceeding with a photografting polymerization. At the beginning, only a limited number of polymer chains grow from the surface. As the polymerization continues, the degree of branching increases since grafting also occurs via Habstraction from the already grafted chains. As the density of chains grows, cross-linking becomes increasingly prevalent, and finally, a dense cross-linked polymer network is formed. Considering the nature of the grafting reactions forming a polymer layer crosslinked via intermolecular termination reactions of the branched polymer chains, the cross-linking density must clearly depend on the distance between the individual chains. Obviously, the propagating model makes it possible for the grafted branched polymers to reach the scale of the laminate dimension in size.
By ozone-pretreatment of the substrate and then UV-induced grafting polymerization, Kang et al. [112] also demonstrated photolamination. Brown and Wang [113] investigated the adhesion mechanism of photolamination of HDPE films and sheets, and it was found that a very good adhesion was achieved with the addition of hydroxyethyl methacrylate or GMA to the acrylic acid monomer. With photolamination, the adhesion between two polymeric films is significantly improved. Research efforts have demonstrated that this is applicable to the lamination of LDPE, HDPE, PP, OPP, PET and Nylon-66. It is reasonable to believe that photolamination could be adapted to any material with liable hydrogen atoms where at least one layer is transparent to UV light.
Fabricating mono-and multilayers of polymer particles on flat polymeric substrates
The morphology of a grafted surface is another interesting topic. Brown and Wang [135] observed the surface microstructure and morphology of an HDPE film photografted with PGMA by AFM. Generally, the surface of the grafted films exhibited a granular structure, and the size of the granules increased linearly with their diameters. Each granule seemed to be a single graft chain bearing a highly branched microstructure. Uchida and Ikada examined the topography of water-soluble chains grafted onto a PET film [136] . However, the morphology of the linear grafting chains might be changed when exposed to solvents and heating. If spherical polymer particles are covalently bonded to the surface of polymer substrates, patterned surface with three-dimensional (3-D) topology would be fabricated. With the great success of the surface photografting polymerization, Yang et al [137e141] conducted a series of investigation with conventional emulsions and microemulsions as grafting media. The formation of solid polymer nanoparticles immobilized on the surface of the polymer substrates was observed. As summarized in Scheme 8, this technology has been successfully exploited to graft large solid polymer particles and hollow particles (Route 1), monolayer particles with bimodal particle size distributions (Route 2), monolayered polymer particles and multilayer polymer particles (Route 3 and 4) with uniform particle size distributions. In short, a pathway to construct a 3-D architecture on polymeric substrates by photografting polymerization has been developed.
In the presence of the amphiphilic monomer N-vinylpyrrolidone (NVP) and a microemulsion of MMA and divinylbenzene (DVB), the micrometer-sized solid/hollow spherical particles were grafted onto polymer substrates per Route 1 as illustrated in Scheme 8 by a 1-step photografting polymerization [137, 141] . When the concentration of MMA in the microemulsion was 20% (wt), solid particles were obtained. On the other hand, with the concentration of MMA reduced to 15% (wt), hollow particles were produced. Both the solid and hollow particles are of tunable sizes in the range of 350 nme1.3 mm. AFM images revealed that the grafted particles (either solid or hollow) consist of primary nanoparticles linked by polymer chains in a spatial architecture. The microemulsion consists of the oil phase of MMA and a small amount of the crosslinker monomer DVB, an amphiphilic monomer NVP and a cationic surfactant in the water phase. Under UV irradiation, the photoreduction between BP and triethylamine may occur at the interface of water/oil phases to yield free radicals that initiate the polymerization of monomers in one of the phases. If the initiation takes place in the water phase, the produced PVP chain radicals form micelles because of the good affinity of PVP to the cationic surfactant (CTAB), and cross-linked PMMA nanoparticles are thus created by MMA microemulsion polymerization. Alternately, MMA/DVB could possibly be initiated first during the polymerization. In the microemulsion polymerization, the propagating radicals diffuse to the interfaces of the micelles, then initiate the polymerization of NVP, and continuously re-enter other micelles. Whichever monomers are initiated, spherical solid or hollow supramolecular polymer particles can be formed by repeating the process, where nanometer-scale cross-linked primary PMMA particles serve as building blocks and are covalently connected by PVP chains.
When NVP/N,N 0 -methylene bisacrylamide (MBA) inverse microemulsion was used in a 1-step surface photografting process (Route 2), the grafting particles were bimodally dispersed in sizes [139] . In this grafting system, both NVP and its polymer, PVP, are amphiphilic. The amphiphilicity of the PVP chains in the micelles would make them easy to extend out of the micelles, causing them to aggregate with others nearby. Hence, there are chances of forming the special quasibimodal structure with larger particles of more than 100 nm in size. On the other hand, the primary particles have nanometer sizes, and are therefore prone to self-aggregation. Consequently, a quasibimodal structure, with particles of about 110 and 45 nm, is formed. It is very interesting that, with the addition of cross-linking monomer MBA in the inverse microemulsion, the contact angle of the modified substrate is reduced to about 3e5 and that there is no significant degradation for a time period of three months. The morphology of the nanoparticles contributes to this significant difference. In comparison, the contact angle is reduced to 23e28 with grafting NVP inverse microemulsion only.
With a 2-step photografting polymerization with an opaque emulsion of MMA and the cross-linker DVB, a monolayer of crosslinked PMMA particles and multilayer particles with a uniform size distribution has been grafted onto polymeric substrates (Route 3) [137, 138] . The results showed that the monomer conversion was in the range of 15e55%, that the grafting efficiency (GE%¼(W g / W p ) Â 100%, where W g the weight of grafting polymer, and W p the weight of the whole polymer) was about 80%, that the grafting yield reached 5%, and that the thickness of the graft layer could be controlled in the range of 0.09e1.5 mm. AFM micrographs demonstrated that the graft layer was piled up by nanoparticles (about 30e50 nm in diameter), which were linked together and tied to the substrate surface with covalent bonds. However, with NVP/MBA inverse microemulsion as the reaction media in a 2-step photografting polymerization, only monodisperse nanoparticles, 30 nm in size, were grafted onto the substrate surface after photografting (Route 4) [139] . The formation mechanism of the particle includes the process of surface initiating, grafting combined with crosslinking, reversible termination and shish kebab growing. At first, the active chain radicals at the surface of the substrate initiated monomer to generate graft propagating chains. With the growing of the graft chains the emulsifier molecules are induced to surround the chains to form precursory particles. Meanwhile the cross-linker monomer DVB or MBA induces cross-linking among those chains to form the 3-D networks (the cross-linked growing particles). Under the UV irradiation, the dormant groups onto the surface of the precursory particles can be reactivated to initiate the graft polymerization again (the feature of living grafting polymerization). With the helps of the emulsifier and the cross-linking monomers, new particles are formed on the former ones and result in the formation of the multilayered particles at last.
In summary, photografting polymerization is one of the most robust and facile tools to construct 3-D nanometer polymer particles with various topologies on polymeric substrates.
Photo-assisted fabrication of functional polymer particles
Generally, polymer particles with coreeshell structures can be prepared by seeded emulsion polymerization, self-assembly of block copolymers with selective solvents, self-assembly of polymer chains on a core surface, layer-by-layer deposition and polymerization of monomers absorbed on a core surface. An alternative method for achieving a well-defined coreeshell morphology is to graft polymer brushes through the use of initiators tethered chemically to the particle surface [30,142e149] . As mentioned above, the photo-induced grafting polymerization is not only applicable to planar surfaces, which can be directly exposed to the UV irradiation, but also to monoliths. Based on these achievements, Yang et al. [150, 151] exploited the possibility of using a 2-step process to prepare coreeshell polymer particles. The dormants were immobilized by a photo process and reactivated by a thermoprocess. Commercially available vulcanized acrylonitrile butadiene rubber (NBR) latex was taken as the substrate and the pathway is depicted in Scheme 9.
The immobilization of the dormant species onto the spherical particles by a photo process consisted in three steps: (1) BP and a small amount of the three-functional monomer trimethylpropane triacrylate (TMPTA) were dissolved in the NBR latex; (2) under UV radiation, a free radical surface/subsurface cross-linking polymerization was initiated by the BP photoreduction; (3) as a result of the cross-linking polymerization and the free radical coupling reaction with the semipinacol radicals, particles with large amounts of dormant semipinacol groups were obtained. The cross-linking reaction of TMPTA should favor an increase in surface coupling of the semipinacol groups. Subsequently, the particles with bonded dormant species were used to initiate the grafting polymerization via heating as shown in Fig. 10 . A high grafting efficiency of approximate 90% was achieved. This demonstrated that the amount of homopolymers could be dramatically reduced due to the very low initiation reactivity of the semipinacol radicals produced by decomposition of NBR-SP at 85 C in the heterogeneous polymerization system. Interestingly, there were two grafting chain growing modes that depended on the nature of the monomers. Hydrophobic monomers, such as styrene, grafted from the particle surface and inwards in the particles. On the other hand, the hydrophilic monomers, such as acrylamide (AM), grew outwards form the particles surface. Fig. 11 presents TEM micrographs of NBR latex grafted with various monomers. The advantages of this technology are the high grafting efficiency, i.e., approx. 90%, and the fact that the grafting yields increased with time. The chain growth with a semipinacol free radical as the persistent radical demonstrated living polymerization features. Therefore, with subsequent addition of AM or NVP as a second monomer, a composite coreeshell particle could be prepared. When the grafting yield was controlled at about 50%, the strength of the modified rubbers increased significantly without loss of elongation. It was demonstrated that the UV-screening effect of a latex particle is negligible and that photo-induced grafting polymerization can be applied to provide the polymer particles with a desired functionality.
Recently, photo-induced particle surface grafting polymerization has also been used to prepare Janus particles [152] . The technology involves particle assembly and immobilization steps, followed by a photo-induced grafting polymerization process. Typical images of Janus particles prepared by this technique are displayed in Fig. 12 . In summary, this ''grafting from'' technique provides an opportunity to achieve stable layers of densely grafted polymers with a variety of compositions and functionalities on the surfaces of micro/nanoparticles such as latexes, gold, silica, etc.
Most recently, photo-induced living polymerization has been successfully exploited in preparing ultrafine nano-sized hairy particles (20e35 nm) with soft hydrogel nanocores and PNIPAm as responsive hairs [153] . The preparation strategy is illustrated in Scheme 10. A cross-linked PAM nanocore (CLPAM) with a surface of semipinacol dormants was first prepared under UV radiation in an inverse microemulsion system with BP and a tertiary amine as the binary photoinitiator. Subsequently, the obtained CLPAM was dispersed in an aqueous medium containing the monomer N-isopropylacrylamide (NIPAm) to form PNIPAm hairs covalently bonded to the core surface. The particle size, morphology and especially the temperature-induced association and dissociation of these CLPAM@PNIPAm particles in aqueous solutions were examined.
Summary and perspective
The photoinitiators, such as benzophenone, xanthone, acetophenone and 9-fluorenone, etc, can abstract a hydrogen atom from the CeH bond to form a polymeric free radical and the free radical of the photoinitiaor derivative which functions as a stable/persistent free radical. There are two competitive reactions between the polymeric and the stable radicals. One is the initiation reaction in the presence of monomers, and the other is the termination reaction by coupling of two free radicals. Based on this fundamental chemistry, 1-step and 2-step photografting polymerization technologies have been developed. It has been demonstrated that the grafting polymerization has living polymerization features.
Many applications of photo-induced living polymerization have been described, such as modifying the surface properties of the polymeric films and sheets, enhancing the adhesion and lamination, offering the membranes with environment-stimulus properties, etc. Besides these conventional applications of polymer surface modification, the photo-induced grafting polymerization also has been exploited in modifying the surface of micro devices and nonplanar substrates, for example, in nano and micro-polymer granules, in fabricating mono-and multi-layers of polymer particles onto the substrate and in assembling polymer particles strung by polymer chains. It should be highlighted that the technique allows the incorporation of a broad range of surface chemistry at specific and precisely defined locations of complicated profiles of the substrates with a photomask which cannot be realized with other grafting technologies. In addition to the grafting application, the photo-induced polymerization is also utilized to prepare polyacrylamide hydrogels with gradient cross-linking degrees [154] .
However, there still remain challenges of photo-induced living polymerization in preparing polymers with well-defined structures, similar to those of other living free radical polymerization technologies, such as ATRP, RAFT and transitional metal mediated free radical polymerizations. A possible explanation for this is that there are still irreversible terminations by coupling of polymer chains. In surface living grafting polymerization, one end of the polymer chains is tethered to the substrates. Despite these challenges, photo-induced living polymerization still offers a novel chemistry and facile technology for fabricating linear grafted polymer brushes, branched polymer brushes, mono-and multilayer polymer particles on flat and non-planar surfaces. So far, the published investigations have demonstrated its promising applications in preparing biomaterials, separation materials, optical and electromaterials.
An alternative option when it comes to solving the limitations of photo-induced living polymerization is to combine the photopolymerization with other free radical living polymerization systems and to develop a new photocontrolled living polymerization system. There exist some emerging technologies and efforts in this regard. For example, studies include UV-stimulated RAFT polymerization [155, 156] , a living polymerization that involves photoexicited monomers [157] , as well as organotelluriummediated controlled/living radical polymerization initiated by direct CeTe bond photolysis [158] .
